ing from the Nth mode in a point contact have N maxima in ⌿ 2 (where ⌿ is the wavefunction).
In the full quantum mechanical calculations of the pattern of electron flow from the lowest three modes of a QPC (Fig. 4 , D to F), the color scale represents the wavefunction ⌿ 2 of electrons [Figs. 4D (first mode), 4E (second mode), and 4F (third mode)]. The wavefunction patterns agree well with images of electron flow; in both, the angular pattern of electrons flowing from the Nth mode has N lobes. For these calculations, the transverse potential of the QPC was parabolic, with varying curvature to produce an electron gas channel approximating the lithographic shape of the gates; the white curves in Fig. 4 , D to F, show where the potential crosses the Fermi energy. To ease comparison, areas not scanned in the experiment are dimmed in the simulation. Figure 4 , G to I, plots the angular distribution of measured electron flow in Fig. 4 , A to C. The circular slice used to determine the distribution is shown in Fig. 4A . Figure 4 , J to L, plots the angular distribution of electron wavefunctions ⌿ 2 from Fig. 4 , D to F, taken using a circular slice shown in Fig. 4D . Comparison shows a high degree of agreement between theory and experiment. The measured angular dependencies of images and theory have the same modal structure (N lobes for the Nth transverse mode), and they agree quite well in shape.
The height of the Nth conductance plateau is changed when the AFM tip is held at a fixed position above the electron flow pattern from the Nth mode of the QPC (Fig. 5) . When no tip is present (Fig. 5A) , each transverse mode contributes 2 e 2 /h of conductance. When the tip is placed directly in front of the QPC (Fig. 5B) , it backscatters electrons from the first mode without affecting electrons from the second (Fig. 4D) . This reduces the entire first plateau to 1.8 e 2 /h without changing the spacing between the first and second plateaus. When the tip is placed off-axis as in Fig. 5C , it backscatters electrons from the second mode without affecting electrons from the first (Fig. 4E) . This reduces the spacing between the first and second plateaus to 1.7 e 2 /h without affecting the height of the first plateau.
We have presented spatial images that show the coherent flow of electron waves through semiconductor nanostructures. The observation of the expected angular structure of electron flow from the first, second, and third modes of a QPC, as well as the clear appearance of fringes separated by half the Fermi wavelength F /2, are strong confirmations of this imaging technique. These results are a confirmation of the power that SPMs have for imaging the flow of electron waves through mesoscopic semiconductor devices. The ability to image electron wave flow inside GaAs/AlGaAs heterostructures makes possible future experiments, including spatial investigations of quantum coherence, universal conductance fluctuations, and weak localization. 18 . The average spacing of these fringes is 22 Ϯ 2 nm, and the expected spacing from the sheet density is F /2 ϭ 19 nm. The difference can be attributed to a lower sheet density in the area of the device as compared with the bulk, because of the negatively charged gates and AFM tip. 19 A process is demonstrated for the efficient separation of rare earth elements, using a combination of selective reduction and vacuum distillation of halides. The large differences in the redox chemistry of the rare earth elements and in the vapor pressures of rare earth di-and trihalides are exploited for separation. Experimental proof of concept is provided for the binary systems praseodymium-neodymium and neodymium-samarium. This process enhances the separation factor for the isolation of samarium and neodymium from their mixture by more than an order of magnitude.
Rare earth elements and compounds find application in many advanced materials of current interest such as high-performance magnets, fluorescent materials, chemical sensors, high-temperature superconductors, magnetooptical disks, and nickel-metal hydride batteries. Powerful rare earth permanent magnets such as Nd 2 Fe 14 B and SmCo 5 /Sm 2 Co 17 have revolutionized technology, allowing miniaturization of devices such as the hard disk drive and compact disc player. However, the production cost of rare earth permanent magnets is very high, because of the high cost of extracting pure Sm or Nd metal used in their manufacture. The separation of individual rare earth elements is a difficult process involving solvent extraction or ion exchange (1-3). Because the chemical properties of rare earth ions in aqueous solution exhibit only incremental variation with atomic number, solvent extraction must be repeated many times. The ion exchange process is not suitable for industrial production because of the very long periods (greater than 10 days) required to accomplish significant separation. A dry process was recently developed for the separation of rare earth elements (4, 5) using chemical vapor transport mediated by a gaseous complex such as LnAlCl 3 (Ln: lanthanoid). However, the separation efficiency with the dry process for adjacent elements in the periodic table was lower than that obtained in the conventional solvent extraction process (6) . We present a more efficient separation method, which combines selective reduction with vacuum distillation. Although rare earth elements are usually present as trivalent ions in their compounds, 1 Research Center for Metallurgical Process Engineering, Institute for Advanced Materials Processing, Tohoku University, Sendai 980-8577, Japan. *To whom correspondence should be addressed. Email: uda@iamp.tohoku.ac.jp many rare earth dichlorides have been synthesized. The dichlorides of Nd, Sm, Eu, Dy, Tm, and Yb are known to be stable (7, 8) . The molten salt containing significant amounts of divalent ions exist at high temperature for the other rare earths (e.g., Sc, La, Ce, Pr) (9) . The vapor pressure of rare earth dihalides is lower than that of the corresponding trihalides by one to two orders of magnitude (10) (11) (12) . Thus, preferential reduction of a component in a mixture of rare earth trichlorides can markedly affect its volatility and provide a method for its separation.
The chemical potentials of chlorine corresponding to LnϩLnCl 2 and LnCl 2 ϩLnCl 3 equilibria at 1073 K are shown in Fig. 1 . The Gibbs energies of formation of the trichlorides (LnCl 3 ) that are available in the literature (10) are combined with those for the dichlorides (LnCl 2 ), which are estimated from their enthalpies of formation (13, 14) . For unstable LnCl 2 compounds, the enthalpies of formation evaluated by Novikov and Polyachenok (15) and Johnson (16) using the Born-Haber cycle were used. These data, associated with larger uncertainty, are represented by dotted symbols in Fig.  1 . When pure LnCl 2 is stable, the chemical potential of chlorine corresponding to LnϩLnCl 2 equilibrium is more negative than that for the LnCl 2 ϩLnCl 3 equilibrium. This is the case for the elements Nd, Sm, Eu, Dy, Ho, Tm, and Yb. For the other elements, the pure dichloride is unstable, and hence, the chemical potential for the LnϩLnCl 2 equilibrium is more positive than that for the LnCl 2 ϩLnCl 3 equilibrium. In these cases, some LnCl 2 can exist at reduced activity in molten salts (9) . It is seen that the trend in the chemical potential of chlorine for the LnϩLnCl 2 equilibria is opposite to that for LnCl 2 ϩLnCl 3 equilibria: minima in the first approximately correspond to maxima in the second and vice versa. Therefore, it is possible to selectively reduce a trivalent ion in a mixture of rare earth trichlorides to its divalent state. Thus, a separation process combining selective reduction with vacuum distillation is feasible. This idea is demonstrated for the binary systems Pr-Nd and Nd-Sm. The rare earth metals Nd and Sm are the most important for producing strong magnets. The combination of Pr and Nd is one of the most difficult to separate by the conventional process, requiring more than 20 repetitive extractions.
Because the chemical potential of chlorine for the SmCl 2 ϩSmCl 3 equilibrium is higher than that for NdCl 2 ϩNdCl 3 equilibrium, the preparation of SmCl 2 -NdCl 3 mixture is thermodynamically possible at 1073 K. Aluminum can reduce SmCl 3 to SmCl 2 without reducing NdCl 3 , as illustrated in Fig. 1 3SmCl 3 (mixture)
The removal of AlCl 3 is easy because its boiling point is 456 K. For a system containing trichlorides of Nd and Pr, a stronger reductant than Al is required for the selective reduction of NdCl 3 in the NdCl 3 -PrCl 3 mixture, because NdCl 3 is more stable than AlCl 3 . Stoichiometric amounts of Nd metal can be used as the reductant for the preparation of the NdCl 2 -PrCl 3 mixture
Other rare earth metals (including misch metal), alkali metals, and alkaline earth metals can also be considered as reductants for the trichlorides.
In the schematic of the apparatus used for the combined selective reduction-vacuum distillation process (Fig. 2) , two electric heaters were used to generate the desired temperature gradient. A closed-end stainless steel tube was placed horizontally inside the heater assembly. Ten short concentric graphite tubes (length: 5 cm) were inserted inside the stainless steel tube.
A molybdenum boat, containing a mixture of trichlorides and a reductant, was placed at the middle of the graphite ring adjacent to the closed end of the stainless steel tube. Trichlorides ( purity: 99.9%) used as the starting material were distilled once in a quartz reaction tube before use. The trichlorides in the Sm-Nd system were mixed in an equimolar ratio. In the Pr-Nd system, NdCl 3 , PrCl 3 , and Nd metal were mixed such that the rare earth elements were in an equimolar ratio. These mixtures were then transferred into the stainless steel tube in a glove box filled with Ar gas. Selective reduction was carried out in vacuum under conditions shown in Figs. 3 and 4 . The temperature of the Mo boat was then raised to 1173 or 1273 K for the vacuum distillation, after which the stainless steel tube was cooled to room temperature and the changes in mass of the inner graphite rings were measured in the glove box. The chlorides deposited on the rings and the residue in the Mo boat were collected. The mole ratio of rare earths in the collected salt was measured by x-ray fluorescence (XRF), and phases present in the deposit were identified by x-ray powder diffraction analysis (XRD).
Results of selective reduction of an equimolar mixture of trichlorides of Sm and Nd by Al metal and subsequent vacuum distillation are shown in Fig. 3 . The mass recorded at 0 cm is the amount of the residue in the Mo boat. There was significant selective transport of NdCl 3 from the boat to the cooler graphite rings via the vapor phase. The deposition occurred on the graphite rings at a temperature of about 1000 K. Samarium-rich chlorides remained in the Mo boat, whereas AlCl 3 was deposited at the exhaust port at room temperature and separated completely from the rare earth chlorides. In the solvent extraction, separation factor is usually used to quantify the separability of the metal ions. The separation factor is a ratio of elemental distribution ratios between the organic and aque- Fig. 1 (left) . Chemical potentials of chlorine corresponding to the equilibria between Ln and LnCl 2 and LnCl 2 and LnCl 3 at 1073 K. Values computed from estimated data with large uncertainty are indicated by dotted symbols. Fig. 2 (right) . Schematic of the apparatus for the combined selective reduction-vacuum distillation process.
ous phases. For comparison, an analogous separation factor for the new process is defined as
where x r Ln and x d Ln are the average mole fractions of each lanthanoid in the residue and the deposit, respectively. In the calculation of the separation factor, a very small amount of deposit collected from the graphite ring placed next to the Mo boat was added to that of the residue. The average concentrations were 91 mole percent (mol %) Sm in the residue and 98 mol % Nd in the deposit. The separation factor obtained here is ␤ Sm/Nd ϭ ϳ570 in contrast to the separation factor of 2.2 to 9.6 (17 ) reported for the conventional solvent extraction. For commercial use as components of rare earth permanent magnets, the required purity of metals is about 95 mass % for Nd and 95 mass % for Sm. This can be achieved in one distillation for Nd. Preliminary experiments using lower purity trichlorides that contained a small amount of water indicated that the formation of neodymium oxychloride (NdOCl) in the Mo boat decreases the purity of the residue because the oxychloride has a much lower vapor pressure. Thus, the residue containing more than 95% Sm may be obtained in one distillation by completely removing oxygen impurity in the mixture.
The result of selective reduction of a mixture of PrCl 3 and NdCl 3 and subsequent vacuum distillation is shown in Fig. 4 . The trichlorides evaporated from the boat and were deposited on the graphite rings at temperatures ranging from 900 to 1000 K. The separation of Pr and Nd was less efficient than that for the Nd-Sm system. Because the difference in chemical potential of chlorine for the equilibria NdϩNdCl 2 and NdCl 2 ϩNdCl 3 is small, activity of NdCl 3 is fairly high. Hence, there is significant vapor pressure of NdCl 3 over the chloride mixture in the boat. Further, PrCl 3 may be partly reduced to PrCl 2 at reduced activity in the molten salt. These factors are responsible for the less efficient separation.
The separation factor for the Pr-Nd system obtained in the new process with Nd as the reductant is 8.1. In contrast, the separation factor in the conventional solvent extraction using organic and aqueous media ranges from 1.3 to 1.7 (17) , although a separation factor of 5.06 in one laboratory test, using a solution containing 70% acetonitrile in place of aqueous solution, was very recently reported (18) . The number of cycles required to obtain the final product is proportional to (1/log ␤) (17) . Thus, when ␤ is small as in the Pr-Nd system, a moderate increase in the separation factor can greatly decrease the number of extractions. For example, a change in ␤ from 1.3 or 1.7 in the conventional process to 8.1 reduces the number of cycles to one-eighth or onefourth of those usually necessary.
By using the technique we developed, separation can be achieved not only from mixtures of rare earths, but also from mixtures of rare earths and other transition metals. Many of the transition metal chlorides such as those of Fe and Co have higher vapor pressures than rare earth trichlorides. A large amount of scrap containing rare earths, Fe, and Co is produced during the manufacture of the rare earth magnets. The process outlined here is suitable for the recovery of rare earths from this scrap.
More diiodides in the pure form are stable compared with dichlorides; there are 11 stable diiodides (Sc, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Tm, and Yb) (19, 20) . In addition, iodides have an advantage because of their higher vapor pressure. The vaporization of iodides is expected to occur at relatively lower temperatures. Di-and triiodides vaporize at around 1273 K during vacuum distillation but condense at different temperatures. The nonvolatile impurity oxyiodides remain in the Mo boat and can be separated from the diiodides completely. Thus, the oxyiodides do not affect the separation between di-and triiodides. We have conducted preliminary experiments on the separation of Sm and Dy at 1273 K from an iodide melt. The results calculated from the compositions of diiodiderich and triiodide-rich deposits suggest a separation factor ␤Ј Sm/Dy ϭ 2300. The value is large enough to produce pure metals. Although thermodynamic properties of diiodides at elevated temperature have not been well established, the iodide route appears to be more promising for rare earth separation using the technique described here.
Wet processes such as solvent extraction are generally associated with complicated flow sheets (1) . First, the rare earth raw minerals have to be decomposed and dissolved in aqueous solution. After an elaborate separation process for rare earths involving several cycles, concentration of the solution, precipitation, filtering, drying, and calcination are required for obtaining purified rare earth oxides. In the conventional reduction processes, the oxides are directly reduced to metals or converted to halides. The halides are then reduced to metals. Thus, the halides separated by the present process can be directly transferred to the conventional halide reduction process or used in the oxide reduction process after the pyrometallurgical conversion to oxides. The dry process proposed here provides an easier path with fewer process steps than the wet process. The differences in the redox potential and vapor pressure of compounds in different oxidation states of rare earths provide better opportunities for the design of suitable separation processes compared with the conventional process using only incremental variation of chemical properties with atomic number for a given oxidation state.
